Introduction
Invasion of the fatty bone marrow by primary malignant tumors, metastatic malignancies, acute benign and malignant compression fractures, and infectious conditions cause similar signal changes in routine magnetic resonance imaging (MRI) studies (1, 2) . Although MRI has a high sensitivity in delineating the pathology, its specificity is low. For example, osteoporotic and metastatic compression fractures may be mistaken for each other in the acute phase. Edema in the acute phase of benign fractures may replace normal bone marrow and cause hypointense signal changes in T1-weighted images and hyperintense signal changes in T2-weighted images, at the same time taking contrast material. These changes are also typical for metastasis and cause confusion in diagnosis when only one lesion is present (3) . It is quite important to determine whether a compression fracture has a malign or a benign cause, especially in patients with a primary malignancy. This is because compression fractures depending on osteopenia develop in these patients at a rate of one-third (4) . Pyogenic bacteria, brucella, and tuberculosis infections are the most common causes of spondylodiscitis. Central nervous system tuberculosis, basal meningitis, hydrocephalus, edema, ischemia-infarct, abscess, and arachnoiditis may occur in various forms and may show different symptoms (5) . Infections can sometimes be difficult to diagnose, especially when there is isolated vertebral body involvement without any soft tissue component, and adjacent disk involvement (6) . Therefore, in order to plan appropriate therapy according to the precise diagnosis, the patients are exposed to invasive interventions such as biopsy (2, 7, 8) .
Diffusion-weighted imaging (DWI) has recently appeared as a new method of screening in characterizing lesions without necessitating contrast material and in evaluating the vertebrae quantitatively (9, 10) . Currently, DWI obtained by single-shot echo-planar-spin-echo (SSEP-SE) T2 application of diffusion gradients is the best method for measuring in vivo the combined effects of capillary perfusion and diffusion by means of the apparent diffusion coefficient (ADC) (8) . A loss of signals occurs as a result of the microscopic movements of the molecules in the diffusion-sensitivity sequences, and this loss is measured by calculating the ADC. The ADC depicts the specific diffusion capacity, microscopic structure, and organization of a biological tissue (9, 11, 12) .
Some studies have been able to differentiate benign acute compression fractures from malign induced compression fractures according to ADC values (3, 4, (13) (14) (15) (16) . In a comparatively small number of surveys, ADC values have been studied in discriminating the infectious lesions from the malign lesions (4, 5, 17) . Atypical hemangioma may have different appearances; it has a striated pattern in most cases and contains prominent vascular channels and an enlarged, prominent basivertebral venous plexus (18) . However, it is important to differentiate atypical hemangiomas, which appear as hypointensity in T1A sequences and hyperintensity in T2A sequences, and which do not possess a striated pattern, from malign lesions with conventional MR sequences, especially in those with a primary malignancy from metastasis. Nevertheless, as far as we know, there is no study available in the literature performed using the DWI technique to differentiate atypical hemangiomas from malign lesions.
The purpose of this study was to differentiate acute benign compression fractures possessing benign vertebral marrow bone lesions, infection, and atypical hemangiomas from malign compression fractures, which are malign lesions, and metastasis according to the ADC value measurements, enabling quantitative assessment, and also to determine sensitivity and specificity in differentiating benign and malign lesions according to the optimal cutoff ADC value.
Materials and methods

Patients
The study group comprised 99 patients diagnosed with vertebral lesions during conventional vertebral colon MRI examination at Ondokuz Mayıs University, Medical Faculty Hospital, Radiology Department, between November 2009 and February 2011. The patients were aged 18-89 years (mean 54.99 ± 15.32). There were 51 females and 53 males; 133 vertebral lesions of a total of 99 patients were included in the study. The study protocol was approved by the ethics committee and the study was supported by the university research project. Consent was obtained from all the patients to participate in the study.
The vertebral lesions that were included in the study consisted of atypical hemangiomas, traumatic and osteoporotic acute benign compression fractures, spondylitis, metastases, multiple myeloma, and compression fractures due to malignant illnesses. In 32 patients, 44 acute vertebral compression fractures in total were detected. In 20 patients, there was a history of 27 fractures and traumas; they did not have a primary malignancy, there was no posterior element involvement on MRI, there was no epidural soft tissue mass, and conventional MR resulted in a benign compression fracture diagnosis depending on osteoporosis and trauma as a result of clinical follow-up. In 12 patients whose primary malignancy was proven histologically, of the 17 malign compression fractures (breast carcinoma in 3, lung carcinoma in 3, multiple myeloma in 2, prostatic carcinoma in 2, lymphoma in 1, synovial sarcoma in 1), 5 received a final diagnosis via biopsy, and 7 via bone scintigraphy, conventional MR sequences, and clinical follow-up.
In 16 spondylitis patients, 5 of which had a tuberculosis history, 23 infectious lesions in total were found. Of the 7 patients with 9 atypical hemangioma lesions, 1 had primary malignancy (stomach carcinoma). In 44 patients with primary malignancy (breast carcinoma in 7, lung carcinoma in 8, prostatic carcinoma in 3, lymphoma in 3, stomach carcinoma in 2, malign melanoma in 1, nasopharyngeal carcinoma in 1, thyroid carcinoma in 1, chondrosarcoma in one, endometrial cancer in 1, bladder carcinoma in 1, small bowel carcinoma in 1, testis carcinoma in 1, and multiple myeloma in 13), 57 metastatic lesions were found. Infectious spondylitis, atypical hemangiomas, and the final diagnosis of the metastasis were determined by computed tomography, bone scintigraphy, conventional MR sequences, typical clinical and laboratory findings, and clinical follow-up. Metastatic lesions in the patients with 17 primary malignancies received a histopathological diagnosis.
Magnetic resonance imaging
Conventional vertebral column MRI examinations were performed in all patients using a 1.5 Tesla MRI apparatus (Siemens Magnetom Symphony Quantum, Erlangen, Germany) with a spine coil. The routine sequences studied in patients with trauma consisted of T1-weighted spin echo (SE) and T2-weighted SE sagittal, T2-weighted SE axial, and short inversion time inversion recovery (STIR) sagittal sections, whereas in other patients routine sequences with contrast-enhanced T1-weighted SE sagittal and axial sections were investigated. All contrast-enhanced sequences were constructed over routine T1-weighted SE sequences, using the same parameters.
DWI was carried out before the contrast-enhanced sections. The sequences in DWI were obtained in the sagittal plane, using a finger pulse trigger from SSEP-SE T2. The b values were 0 and 500 s/mm 2 . Technical parameters were as follows: TR/TE, 2500/94 ms; slice thickness, 5 mm; field of view, 450 mm; matrix, 80 × 128; bandwidth, 1396 Hz/pixel; NEX, 8; scanning duration, 2.37 s; gap, 0.5 mm; trigger pulse, 1.
Imaging analysis
DWI sequences were obtained by applying diffusionsensitive gradients at different b values (0, 500 mm²/s) in the sagittal plane in all 3 directions (x, y, z) to SSEP-SE T2. The 1st series consisted of EP-SE-T2 (b = 0, no diffusion gradient), and the 2nd series consisted of images with diffusion-sensitive gradients of b = 500 mm 2 /s applied in the x, y, and z directions. Isotropic images were obtained by calculating the projection of diffusion vectors in 3 directions to every voxel for a b value of b = 500 mm 2 /s. The isotropic images included images produced by the device, with the calculation of the cubic square root of the product of signal intensities measured in the x, y, and z directions, and the signal changes dependent on the direction were eliminated. The ADC map of isotropic images of b = 500 mm²/s value was automatically produced by the device.
All DWI image clusters were transferred to a separate workstation for ADC measurements (Leonardo, software version 2.0; Siemens). ADC measurements were made on mean curve image analysis software, by ROI placed on every lesion on the ADC map created for a b value of b = 500 mm 2 /s. The ROI were circular with diameters of 0.19-2.60 mm. Measurements were made in vertebrae with more than 3 lesions from the largest 3 lesions at most within the region with the least artifact. In lesions with a heterogeneous structure, measurements were made by DWI at the largest possible ROI of the brightest ADC images with the least signal.
Statistical analysis
All statistical analysis was carried out with the Statistical Package for the Social Sciences for Windows 15.0 (SPSS Inc., Chicago, USA). Normality tests were done for all measurable variables in the statistical analysis. All mean ADC values were compared and studied by one-way variance analysis for all subgroups (atypical hemangioma, acute benign compression fracture, spondylitis, metastasis, and malignant compression fracture). Comparisons for a difference in ADC values of lesion subgroups were conducted with the Tukey HSD and multiple difference tests. P < 0.05 was considered as the statistical significance level for all tests. The results are presented as the mean and the standard deviation, as well as the median, minimum, and maximum values.
The lesion area measurements were compared by nonparametric Kruskall-Wallis analysis of variance, as they did not show a normal distribution. Paired comparison of the groups was carried out with the MannWhitney U test, using Bonferroni correction. Spearman's rho coefficient was calculated to determine the relationship between ADC and area.
The optimal cutoff ADC value to separate the benign group (acute benign compression fracture, spondylitis, atypical hemangioma) from the malignant group (metastasis and malignant compression fracture) was determined by receiver operating characteristic (ROC) analysis. Sensitivity, specificity, and positive and negative predictive values were calculated according to this threshold value.
Results
A total of 99 patients found to have 133 vertebral bone marrow lesions were included in the study. The lesions were classified as benign or malignant, and the number of lesions in each group was 59 and 74, respectively. Of the benign lesions, 9 were atypical hemangiomas, 27 were acute benign (traumatic osteoporotic) compression fractures, and 23 were spondylitis, and of the malignant lesions, 57 were metastases and 17 were malign compression fractures.
Mean ADC values were calculated for every lesion group. The results are presented in the Table as the mean ± standard deviation, as well as the median, minimum, and maximum values (Table 1) . ADC values for atypical (Figure 4 ). The mean ADC values of the acute benign compression fractures were higher than those of the malignant compression fractures, and the mean ADC values of the spondylitis and atypical hemangiomas were higher than the mean ADC values of the malignant lesions, and this difference was statistically significant (P < 0.0001).
The lesions were grouped as benign (atypical hemangiomas and acute benign compression fractures, spondylitis) and malignant (metastases, malign compression fractures). The mean ADC values were calculated for these 2 groups, and the usefulness of ADC Table 2) . A statistically significant difference was detected in the comparison of the ADC values of these 2 groups (P < 0.0001). A threshold value was determined, using the ROC, in order to differentiate benign lesions from malignant ones. The threshold value for the mean ADC value was found to be 1.32 × 10 -3 mm 2 /s. Sensitivity, specificity, and positive and negative predictive values were calculated from this threshold value. When 1.32 × 10 -3 mm 2 /s was used as the threshold value, the mean ADC values of 3 of the 59 benign lesions were below it, and 3 of the 74 malignant lesions were above it (Table  3 ). According to the optimal threshold value of 1.32 × 10 -3 mm 2 /s set to differentiate vertebral bone marrow lesions as benign or malignant, sensitivity was found to be 96.5%, specificity 95.2%, positive predictive value 96.5%, and negative predictive value 95.2%.
The mean area of ROI that the measurements are made from was different for every lesion and did not show statistically normal distribution. Spearman's rho coefficient was calculated in order to investigate the relationship between the area of ROI for measurements and the mean ADC values. According to this calculation, r = 0.20, P = 0.373, and the relationship between them was not statistically significant. A-H. Active lesions at the T11 vertebra, and lesions that responded to treatment at the processus spinosus of the T12 vertebra of a 58-year-old patient being followed-up for multiple myeloma. The T1-weighted axial MR image (A) and T2-weighted axial MR image (B) show hypointensity in the round lesion with smooth contours at the T11 vertebra (arrow). DWI (C) shows hyperintensity in the lesions (arrow). The ADC map (D) shows hypointensities in these lesions due to restricted diffusion (arrow). The mean ADC value is 0.83 × 10 -3 mm 2 /s at the ADC measurement of the lesion and supports the involvement of multiple myeloma. There is a hypointense lesion at the processus spinosus of the T12 vertebra. The T1-weighted axial MR image (E) shows hypointensity in the round lesion (arrow). The T2-weighted axial MR image (F) shows hyperintensity in the lesion (arrow). DWI (G) and ADC maps (H) show hyperintensities in these lesions due to increased diffusion (arrow). DWI (G) shows hyperintensity in the lesion (arrow) due to T2 brightness. The mean ADC value is 2.41 × 10 -3 mm 4. Discussion DWI investigates the random microscopic movements of water molecules in the body, and the image contrast is dependent on the molecular movements of water. DWI has provided additional information relative to conventional sequences by reflecting the movements of water molecules in tissues, thus detecting even small changes in the microscopic structure of the tissues due to these movements (19) . In tissues whose cellularity is increased, while diffusion limitation depending on the narrowing of the extracellular distance is displayed, free diffusion occurs in tissues whose cellularity is decreased and whose cell membrane is ruptured because of an extensive extracellular area. The movement of water molecules reveals a decrease in the measurement of signal intensity in DWI. The degree of movement of water molecules and the degree of signal loss have been found to be proportional (19, 20) . There are some important points to be considered in the evaluation of the spine with DWI. The parameters and type of sequence used are important, due to the complex anatomic structure and the presence of different physiological formations in the region studied.
Artifacts are very few in the diffusion-weighted steadystate free precession (DW-SSFP) sequence, but it is not an appropriate technique for ADC measurements that enable quantitative assessment, because of complex signal occurrence (3, 21) . In our study, we used echo-planar sequences (EPI). The EPI sequence was a fast sequence, and it decreased the movement and susceptible artifacts, and, moreover, it presents the ADC measurements enabling quantitative assessment (4). It reflects tissue features such as ADC extracellular area width, viscosity, cell density, type, the shape of the fibers, and their closeness. When the movement of water molecules is restricted (for example, in tumors), ADC values decrease (20, 22) . Baur et al. (23) used the DW-SSFP sequence first in the differentiation of 22 acute osteoporotic and/or traumatic fractures and 17 pathological vertebral compression fractures. They concluded that DW-SSFP enabled a perfect discrimination between pathological and benign vertebral compression fractures. In Abanoz et al. (21) , there were 63 acute vertebral compression fractures due to trauma, osteoporosis, malignant tumor infiltration, or infection, and all traumatic or osteoporotic fractures were hypo-or iso-intense in appearance, and all malignant or infectious fractures were hyperintense. A statistically significant difference between fractures of traumatic or osteoporotic origin and malignant or infectious fractures was detected. Due to the fact that the signal in the DW-SSFP sequence used in this study depends on the T2 relaxation time, the high signal of the lesions is not only associated with the diffusion restriction dependent on the high cellularity of the neoplastic process. As the high signal is also dependent on the T2 signal (24) and it does not allow ADC measurements enabling quantitative assessment, we did not choose this sequence. In malignant vertebral fractures, fatty bone marrow is replaced by tumor cells, restricting the diffusion of free water molecules, and, accordingly, its ADC values are low. Benign acute vertebral fractures possess an increased amount of free water in the interstitial space, and they indicate increased water diffusion. Therefore, their ADC values are high. Our results support studies made by using quantitative ADC values in the literature (3, 4, (14) (15) (16) 18, 25) . Furthermore, we found the mean ADC values of acute benign compression fractures to be statistically higher than those of malign compression fractures (P < 0.0001). In Wonglaksanapimon et al. (15) , 7 malignant compression fractures and 32 benign compression fractures were evaluated. The discrepancy between the ADC values of the benign and malignant compression fractures was statistically significant (P < 0.0001). The results of our study are quite similar. Chan et al. (14) found no overlap between the ADC values of benign and malignant fractures, and detected a statistically significant difference between their ADC values. Our results are similar in that there is a significant difference between the ADC values of benign and malignant fractures and an absence of overlap.
In infectious lesions, the fact that there are no typical pre-/paravertebral abscess lesions or disk involvement makes the diagnosis difficult, and especially when it is found as a single vertebral lesion, its differentiation from malignant lesions may be difficult. In the literature, differentiation of infectious lesions and malignant lesions according to ADC values is not clear yet. Palle et al. (6) found the mean ADC values of 128 vertebral tuberculosis lesions in 56 patients to be 1.4 × 10 -3 mm 2 /s, and when they took this value as a cutoff in the discrimination of malignant lesions, they found 64.8% sensitivity, 75% specificity, and 74.5% positive predictive values. However, due to the fact that this ADC value displays values overlapping with the ADC values of metastatic vertebra lesions, they emphasized that the ADC values should be evaluated with the clinical history and routine MR findings. Pui et al. (17) found, respectively, sensitivity, specificity, and accuracy to be 60.26%, 66.00%, and 62.50% according to the 1.02 × 10 -3 mm 2 /s cutoff ADC values used in order to differentiate malignant lesions from infection. Balliu et al. (4) stated that the ADC values of infectious lesions and malignant lesions coincided, contrary to other studies, and therefore they could not differentiate them. In our study, the mean ADC values of infectious lesions were 1.54 ± 0.15 × 10 -3 mm 2 /s and were significantly higher than malignant lesions (P < 0.0001). Only 2 of the 23 vertebral infectious lesions displayed ADC values overlapping with malignant lesions, and the overlapping values were considerably few compared to the other studies. However, there is a need for a wider range in order to differentiate infectious lesions from malignant lesions according to their ADC values.
It may not be possible to differentiate atypical hemangiomas from malignant lesions if there is no hypointensity on conventional MR sequences, no hypointensity on T1A sequences, and no hyperintensity and striated patterns on T2A sequences. In patients known to have a primary malignancy, the lesion is usually single and located in the posterior of the corpus if peduncle involvement is accompanying, and its differential diagnosis is quite difficult. As far as we know, there is no research available in the literature attempting to differentiate atypical hemangiomas from malignant lesions according to the mean ADC values pursuant to the cutoff values. Leeds et al. (26) reported that hemangiomas may appear hypo-or hyperintense in DWI, but possess higher ADC values than benign compression fractures or metastases. However, there is no information on ADC values for atypical hemangiomas. In our study, there were 9 atypical hemangioma lesions in 7 patients. In the patient with a chronic lymphoid leukemia, the lesion was posterior located, hypointense on T1A sequences, and hyperintense on T2A sequences, and it displayed a signal feature similar to metastasis. The ADC value of the lesion was 2.82 × 10 -3 mm 2 /s, obviously higher than the ADC values of metastases. It was shown that the lesion had a typical trabecular pattern for hemangioma on CT. There was no malign involvement on bone scintigraphy. No change was seen in the lesion in the follow-up, and an atypical hemangioma diagnosis was obtained. In our study, the mean ADC values of the atypical hemangiomas were 1.80 × 10 -3 mm 2 /s, and they displayed statistically significant differentiation from the malignant lesions (P < 0.0001). In no lesion was an overlap seen in ADC values. However, since the number of the atypical hemangioma was small in our study, studies of more extensive range are needed in order to confirm these findings.
Mean ADC values were calculated for the differentiation of malignant and benign lesions of the vertebral bone marrow, and these provided useful information for this discrimination. However, no cutoff value between these 2 groups has been calculated before. We were able to differentiate malign and benign lesions with a sensitivity of 96.5% and a specificity of 95.2%, with an optimal cutoff value of 1.32 × 10 -3 mm 2 /s. As far as we know, there is no study investigating the relationship between the area used in the calculation of mean ADC value ROI and ADC values. According to our results, there are important differences in the mean ROI areas of lesions where measurements were made, and there is no statistically significant association between mean ADC value and area (P > 0.05).
In conclusion, malign and benign lesions of the vertebral bone marrow can be differentiated with high sensitivity and specificity using mean ADC values. In spite of the fact that it is possible to differentiate atypical hemangiomas from malign lesions according to the ADC values, the small number of patients is a limitation of our study. It should be supported by studies of more extensive range. According to the current study, there is no statistically significant association between the ROI used in the measurement of the lesion and the mean ADC value.
